I
n diluted magnetic semiconductors (DMS), the incorporation of magnetic ions into a host semiconductor results in the appearance of extraordinary magnetic and optical properties. 1 The strong spin-exchange interactions between the carrier and magnetic ion spins result in these properties that can be harnessed for applications in spintronics, such as spin-polarized light-emitting diodes, 2 spintransistors, 3 and spin-lasers. 4 Until recently, these devices have only been fabricated using molecular beam epitaxy (MBE); however, the use of colloidal nanocrystals doped with magnetic ions has attracted significant attention for these applications. Circularly polarized emission from Mn 2þ -doped CdSe 5 and PbS 6 nanocrystals has been observed, and light-induced magnetization at room temperature has been demonstrated in Cd 1Àx Mn x Se colloidal quantum dots (QDs). 7 In addition, the existence of carrierÀdopant exchange interactions was demonstrated in Mn-doped CdSe nanoribbons. 8, 9 The effects of carrierÀmagnetic ion spin-exchange interactions can be conveniently manipulated in core/shell heterostructures by controlling the carrierÀion wave function overlap. 10 Colloidal quantum wells (QWs), also known as nanoplatelets (NPLs), have been synthesized recently with a thickness control at the monolayer (ML) level. This has been demonstrated in several systems including CdSe, 11, 12 CdS, 13, 14 and PbS. 15 Furthermore, core/shell (shell surrounding a NPL core) and core/crown (crown grown laterally around a NPL core) heterostructures were successfully synthesized by several groups. 16À19 These NPL heterostructures exhibit exceptional properties such as photoluminescence quantum yields as high as 80%, 20 spectrally narrow emission, 20 reduced fluorescence emission blinking, 18 and tunable emission. 21 The applications of NPL structures in optoelectronic devices, such as light-emitting diodes with narrower emission 22 and lasing with a low amplified spontaneous emission threshold, have been reported. 23, 24 Although various NPL heterostructures have been investigated, Mn 2þ doping of these structures and carrierÀdopant exchange interactions have not been studied yet to the best of our knowledge. Here, we report the synthesis of Mn 2þ -doped CdSe/ CdS core/shell and core/multishell NPL heterostructures and the results of room temperature optical characterization as well as a low-temperature magneto-optical study. We have demonstrated that, through wave function engineering, we can tune the effects of the spÀd exchange interaction between the carrier and Mn ion spins on the magneto-optical properties of our samples. This was accomplished by controlling the spatial overlap between the carriers and magnetic ions using colloidal atomic layer deposition (c-ALD) to grow doped or undoped layers in succession. In this work, three Mn 2þ -doped core/shell NPL structures were synthesized by performing c-ALD deposition on 5 and 3 ML seed CdSe nanoplatelets. In each c-ALD deposition, both sides of the CdSe NPL surface were coated with 1 ML of shell material (either Cd 0.985 Mn 0.015 S or CdS); as a result, for each cycle of shell growth, a total thickness of 2 MLs was deposited (1 ML on each of the top and bottom surfaces). A schematic of the NPL heterostructures used in this work is shown Figure 1 . All five samples have a CdSe core that is surrounded by a single shell or multiple shells (composed of Cd 0.985 Mn 0.015 S or CdS) as described in Table 1 . Undoped samples 3 and 4 were used as reference samples. Doped samples 1, 2, and 5 were studied as the main part of this work for the investigation of exchange interactions between the Mn 2þ ions and carriers. Sample 1 and sample 2 exhibit circularly polarized emission saturating around 15 and 20%, respectively, at 3 T (7 K). Magnetic sample 5, on the other hand, showed a negative spin-polarization similar to the undoped samples. In addition, samples 5, 1, and 2 exhibited Zeeman splitting of þ0.5, À1.1, and À2.1 meV at 5 T (7 K), respectively. This difference in the PL circular polarization and Zeeman splitting between the doped samples is due to the difference in the spatial overlap between the carriers and Mn 2þ ions in each sample. In addition, we determined the electron and hole wave function distribution by solving the stationary Schrödinger equation using the effective mass approximation under a strong confinement regime along the thickness of the NPL (z-axis). The wave functions were calculated in order to investigate the correlation between the observed behavior and the differences in the spatial overlap of the carrier wave functions with the regions containing Mn ions.
RESULTS AND DISCUSSION
High-angle annular dark-field transmission electron microscopy (HAADF-TEM) images of the 5 and 3 ML CdSe cores, used as seeds to prepare our samples, are shown in the left panels of Figure 2a ,b, respectively. The 5 ML CdSe seed NPLs exhibit regular rectangular shapes having average lateral dimensions of 55 ( 6 nm Â 10 ( 2 nm. It is difficult to determine the size of the 3 ML CdSe cores as they tend to fold and have irregular shapes. At room temperature, the 5 ML CdSe NPLs have a sharp emission peak at 553 nm (2.24 eV) -doped CdSe QDs which emit circularly polarized light. 5 For the magneto-PL measurements, the NPLs were excited using the linearly polarized output of a solid state laser with a 405 nm wavelength with a maximum power density of 0.2 W/cm 2 . The experiments were conducted in the Faraday geometry in which the applied magnetic field is parallel to the direction of the emitted light. The PL was analyzed into its σ þ (left circularly polarized) and σ À (right circularly polarized) components using a combination of a quarter-wave plate and linear analyzer placed before the spectrometer entrance slit. In Figure 4a ,b, we show the PL spectra from magnetic sample 2 recorded at T = 7 K for magnetic fields B = 0 and 5 T. The shoulder on the lower energy side of the PL emission spectra taken at T = 7 K can be attributed to the surface traps becoming active at low temperatures, as discussed in an earlier work. 20 The difference in intensities I þ (red) and I À (blue) of the zero-field circularly polarized PL components is approximately zero. The circular polarization, P, is calculated using
where I þ (I À ) is the intensity of the σ þ (σ À ) circularly polarized PL component. For sample 2 at B = 5 T, I þ > I À , which results in a positive circular polarization; this is not the case for the nonmagnetic samples which exhibit negative values of P.
In our hetero-NPLs, both electrons and holes are largely localized at the central CdSe core while electron and hole wave functions penetrate by different amounts into the shell layers. Given this localization, the Zeeman splitting due to the spÀd interactions can be treated as the result of the electrons and holes in the CdSe core interacting with Mn 2þ ions present in the CdMnS shell. In the doped samples, there are two contributions to the Zeeman splitting: (1) a smaller splitting due to the intrinsic electron and hole g-factors (on the order of unity) and (2) a larger conduction and valence band splitting resulting from the sÀd and pÀd exchange interactions. The PL emission in NPLs originates from conduction band to heavy hole transitions; a schematic of the Zeeman band splitting of the heavy hole transition in nonmagnetic and magnetic CdSe NPLs in the Faraday geometry is shown in Figure 4c . The allowed transitions, as well as their corresponding circular polarizations, are indicated by the vertical arrows. The band splittings, due to the applied magnetic field, are responsible for the energy difference between the σ þ and σ À transitions; this energy difference is the total Zeeman splitting,
According to this convention, nonmagnetic samples Figure 5a . We note that there is a dramatic difference in the sign as well as the B dependence due to the incorporation of Mn ions in the shells of samples 1 and 2 when compared to the nonmagnetic samples 3 and 4. The circular polarization of sample 5, even though it contains a magnetic shell, more closely resembles the polarization behavior of the nonmagnetic sample 4. For magnetic samples 1 and 2, P increases monotonically with B up to B = 3 T; P changes little for B > 3 T. For the nonmagnetic reference samples, P becomes increasingly negative with increasing B. The ratio P(T)/P(7 K) of the circular polarizations of sample 1 at B = 5 T is plotted as a function of temperature, T, in Figure 5c . The circular polarization decreases with increasing T and changes sign between T = 20 K and T = 25 K. For this small Mn composition of the magnetic shell, this behavior is possibly due to the fact that the splitting that corresponds to g int has become larger than the splitting due to spÀd exchange. The data of Figure 5a ,c indicate that the magnetic shells in samples 1 and 2 are Brillouin paramagnets. 1 The PL intensity peak positions for our samples were extracted using a wavelength-weighted average of the PL spectra for the σ þ and σ À components. The energy difference between the two components is plotted as a function of magnetic field for sample 1 (squares), sample 2 (diamonds), sample 3 (pentagons), sample 4 (triangles), and sample 5 (circles) in Figure 5b . As in the case of P, we point out the dramatic difference in the B dependence of ΔE Z between the nonmagnetic samples and magnetic samples 1 and 2. The Zeeman splitting of the undoped samples is positive and increases almost linearly with increasing magnetic field at 7 K. This behavior is attributed to the Zeeman splittings due to the small intrinsic hole and electron g-factors in the nonmagnetic NPLs. The Zeeman splitting of samples 1 and 2, on the other hand, is negative and has saturation values of À1.1 and À2.1 meV, respectively. We note that ΔE Z for magnetic sample 5 more closely resembles the Zeeman splitting of the undoped samples rather than that of the doped samples; our explanation is discussed below. The Zeeman splitting can be expressed as
where g int is the intrinsic g-factor, x is the Mn 2þ molar fraction, AES z ae is the average value of the Mn 2þ spin in the direction of the applied field described by the Brillouin function at low doping levels, N 0 is the cation density, R and β are the exchange constants for electron Mn these exchange constants, especially R, can vary depending on quantum confinement. 28, 29 The effective g-factor was calculated from our experimental data using g eff = ΔE Z /μ B B in the low magnetic field limit. The value of g eff = 14.7 for sample 2 is an order of magnitude larger than the intrinsic g-factor of CdSe. 30 In this section, we describe the results of electron and hole wave function calculations in our samples. The motivation is to correlate the observed magnetooptical properties (PL circular polarization and Zeeman splitting) and the spatial overlap between the carrier wave functions and the Mn ions. The calculation involves the numerical solution of the Schrödinger equation along the z-axis under the following assumptions: (1) there is no confinement in the xy plane; (2) the electronÀhole Coulomb interaction is negligible; (3) the effective mass approximation is valid (effective masses were calculated following the procedure of Ithurria et al. 13 ); and (4) infinite potential barriers exist at the external surfaces. Important parameters of the calculation are the band offsets. The offset values for our system vary widely in the literature; ΔE CB ranges from À0.3 to þ0.3 eV, 31À34 and ΔE VB ranges from 0.4 to 0.8 eV. 35, 36 For this reason, we carried out the wave function calculations using the extreme values for the offsets. Details of the calculations are provided in the Supporting Information. We note that the calculated probabilities shown in Figure 6 are in qualitative agreement with the Figure 5a ,b. In the case of sample 5, the magnetic shell is located exactly at the airÀsample interface, and as shown in Figure 6a , the electron and hole wave function probabilities almost vanish in the vicinity of this magnetic surface layer. As shown in Figure 5a , sample 5 exhibits negative circular polarization; this behavior is similar to that of the nonmagnetic samples. The Zeeman splitting (eq 2) and thus the PL circular polarization depend strongly on the spatial overlap between the electron and hole wave functions with the Mn ions. Evidence of weak spÀd exchange interaction in sample 5 manifests itself in the Zeeman splitting, ΔE Z , which is similar to the undoped samples, as shown in Figure 5b ; this is due to the minimal spatial overlap between the Mn ions and the carrier wave functions in this structure. If we compare both the circular polarizations and Zeeman splittings of nonmagnetic sample 3 and its magnetic counterpart, sample 5, we observe that the plots of Figure 5a ,b shift in the direction of magnetic sample 1.
Sample 1 was grown by depositing an undoped CdS layer on each side of sample 5. As a result, the carrier wave functions extend beyond the CdMnS shell layer, thus increasing the spatial overlap between the carriers and magnetic ions. Although the average Mn 2þ composition decreased from 0.43 to 0.33% with the addition of the two undoped CdS layers, the Zeeman splitting changed from 0.5 to a value of approximately À1.1 meV at B = 5 T and T = 7 K. This indicates that (1) the effect of decreasing the average Mn 2þ composition was offset by the enhancement of the carrierÀ Mn overlap and (2) the addition of a Mn-doped layer in sample 5 shows the emergence of weak spÀd interaction. In sample 1, this is further enhanced by the increased overlap achieved with the deposition of an outer, undoped CdS shell. In both samples 1 and 2, the average Mn 2þ composition and the total thickness (9 ML) are the same; however, the location of the Mn 2þ -doped layer is closer to the NPL core in sample 2, leading to correspondingly larger carrierÀ Mn spatial overlap. As a consequence of this, in sample 2, we observed a larger Zeeman splitting, ΔE Z = À2.1 meV at B = 5 T and T = 7 K, as shown in Figure 5b . Manganese-doped CdSe QDs with a diameter approximately the same as the thickness of our NPLs exhibit a comparable Zeeman splitting (normalized by doping percentage) when measured at similar values of H/T.
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The discussion above points to a variety of interesting possibilities that will result in an enhancement of the exchange effects by increasing the amount of overlap between the carrier wave functions and the Mn 2þ ions.
This wave function engineering could be realized in the following forms: (1) a reduction of the core thickness, (2) an increase of the undoped, outer CdS shell thickness, and (3) the deposition of more than one magnetic CdMnS layer. Below, we explore the dependence of P on ΔE Z , which is given by the following equation:
where k B is the Boltzmann constant and T eff is the effective temperature of the sample. Following eq 3, we obtain a linear dependence of ΔE Z /k B on Àln[(1 À P)/ (1 þ P)] with a slope equal to T eff . This relationship, which is plotted for sample 2 in Figure 7 , yields a value of T eff = 64 K. This effective temperature and the temperature, T, measured by the cryostat temperature sensor can differ due to laser heating. We expect that heating effects are stronger in our colloidal NPLs compared to MBE-grown QWs due to the fact that the latter are in intimate thermal contact with the substrate which acts as a heat sink. A similar analysis yielded an effective temperature of 54 K for sample 1 (see Supporting Information). These elevated values of 
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T eff suggest that, for low-temperature optical studies of colloidal NPLs, heating effects must be taken into account.
CONCLUSIONS
In summary, we have demonstrated the existence of carrierÀmagnetic ion exchange interactions in core/ multishell colloidal quantum wells using magneto-PL spectroscopy. These atomically flat core/shell NPLs having a pure thickness enabled us to study the manifestations of carrierÀMn 2þ exchange interactions with an unprecedented control on the dopant localization. Cadmium nitrate tetrahydrate (1.23 g) was dissolved in 40 mL of methanol, and 3.13 g of sodium myristate was dissolved in 250 mL of methanol under strong stirring; these solutions were then combined and stirred for approximately 1 h. The whitish product was centrifuged, and the white precipitate part was dissolved in methanol. This washing step with methanol was performed three times for the removal of excess precursors. Subsequently, the final whitish precipitate was kept under vacuum 24 h for drying.
Synthesis of 5 ML Thick CdSe NPLs. The 5 ML CdSe NPLs were synthesized following a recipe in the literature. 13 Cadmium myristate (170 mg) and 14 mL of ODE were loaded into threeneck flask and degassed for an hour at room temperature. Then, the solution was heated to 250°C under a blanket of argon, and a solution of 12 mg of Se dispersed in 1 mL of ODE was quickly injected. Cadmium acetate dehydrate (120 mg) was added 1 min later. The solution was kept at 250°C for 10 min, and 0.5 mL of OA was injected before being cooled to room temperature. The CdSe NPLs were precipitated with the addition of acetone and dispersed in hexane.
Synthesis of 3 ML Thick CdSe NPLs. First, 217 mg of cadmium acetate dihydrate, 2 mL of 0.15 M Se in ODE, 0.36 mL of OA, and 10 mL of ODE were loaded into a three-neck flask. Under nitrogen flow, the temperature was increased to 250°C in 20 min and kept at 250°C for 3 min. The temperature was then rapidly cooled to room temperature. The CdSe NPLs were precipitated with the addition of acetone and dispersed in hexane.
Deposition of CdS and CdMnS Layers on CdSe Core-Only NPLs. For the doping study, we modified the recipe of Ithurria et al. 16 Mn 2þ ions were introduced as the manganese(II) acetate complex. Core CdSe NPLs were cleaned before the doping/shell coating because any leftover Cd or Se precursor will react during the first deposition cycle and cause overcoating of the NPLs. After successive cleaning steps, 1 mL of hexane solution of core CdSe NPLs and 1 mL of NFA were added. Then, S 2À ions were introduced by addition of ammonium sulfide precursor. After this, the color of the NPLs changed suddenly, and phase transfer from hexane to NFA occurred. Then, the NPLs were precipitated using toluene and acetonitrile. The precipitate was dissolved in 1 mL of NFA. This cleaning procedure was repeated at least two times to remove the excess precursors. Afterward, the
Mn 2þ
ÀCd 2þ mixture was added for the doping. This precursor solution was prepared by mixing NFA solutions of manganese(II) acetate and cadmium nitrate tetrahydrate in a 1/9 Mn/Cd atomic ratio. The same cleaning procedure was performed to remove the unreacted precursors. Similarly, the CdS shell coating was carried out without using manganese(II) acetate solution. This step can be performed as many times as needed to reach the desired NPL shell thickness.
